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While often believed to be a passive agent that merely exploits its host’s metabolism, influenza
virus has recently been shown to actively move across glycan-coated surfaces. This form of enzy-
matically driven surface motility is currently not well understood and has been loosely linked to
burnt-bridge Brownian ratchet mechanisms. Starting from known properties of influenza’s spike
proteins, we develop a physical model that quantitatively describes the observed motility. It pre-
dicts a collectively emerging dynamics of spike proteins and surface bound ligands that combined
with the virus’ geometry give rise to a self-organized rolling propulsion. We show that in contrast
to a Brownian ratchet, the rotary spike drive is not fluctuation driven but operates optimally as a
macroscopic engine in the deterministic regime. The mechanism also applies to relatives of influenza
and to man-made analogues like DNA-monowheels and should give guidelines for their optimization.
One of humanity’s greatest inventions is the wheel.
While reflecting about why nature overlooked wheeled
propulsion, it caught us by surprise that the wheel was
rolling in nature eons ago: the common influenza virus
uses its whole capsid as a motorized surface rolling ma-
chine [1, 2], see Fig. 1A. The reason for this fundamental
discovery of Sakai et al. staying almost unnoticed by a
broader audience (with few exceptions [3, 4]) is possi-
bly rooted in our lack of understanding of its underlying
physical mechanism.
Being such an omnipresent molecular adversary, the
influenza virus (IV) and its proteins have been exten-
sively characterized [5–8]. The two spike proteins re-
sponsible for IV A’s interaction with the host membrane
are Hemaglutinin (HA) and Neuraminidase (NA), see
Fig. 1B. While in certain influenza subtypes (like IV
C) these two proteins are fused together [9], in general
they are distinct ∼ 10 nm sized entities performing two
distinct and mutually competing functions: HA binds
sialic acid residues of glyco-peptides and lipids coating
our cells (Fig. 1B,C). NA in turn, acts antagonistically
and degrades the contacts with the glycan substrate by
hydrolytically cutting the same sialic acid residue that
HA binds to, see Fig. 1D. The residue, located at the
very ends of branched glycans, can be either bound by
one HA or by one NA molecule, but for steric reasons
not to both at the same moment. Inhibition of HA abol-
ishes virus binding to glycans (as exploited for diagnosis,
e.g., in the classical hemagglutination assay [10]) while
NA inhibition abolishes its motility [2, 3].
While most textbooks depict influenza as a spheroidal
virus, its aspect ratio is in fact highly polymorphic and
during infection of human hosts the majority of the virus
mass comes in filamentous form [11, 12]. The reason for
their filamentous shape with lengths from 1-300 µm [11]
is debated since most evolutionary arguments favor the
sphere (e.g. volume to surface ratio and stability [13] or
uptake dynamics [14]). Although previously speculated
[15] that elongated viruses could self-propel like man-
made actively rolling fibers [16], it was only the work of
Sakai et al. [2] that found the direct evidence and suggests
that the elongated form is in fact advantageous for robust
directionally persistent motion.
Beyond IV and related viruses, interestingly DNA
nanotechnology has developed synthetic rollers termed
DNA-RNA monowheels [17–19], that use a similar de-
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FIG. 1. Rolling Influenza, its surface structure and activ-
ity. (A) Superimposed snapshots of a rolling elongated IV C
(taken from [2]), the green arrows indicating the rolling di-
rection. (B) An IV cross-section showing its surface covered
with two kinds of spike proteins: Hemaglutinin (HA, blue)
and Neuraminidase (NA, red). The substrate (cell’s surface)
is covered with glycans exposing a sialic acid residue (green,
both not to scale). (C) HA binds to and unbinds from glycan
via the sialic acid with rates kon, koff . (D) NA transiently
binds, with a Michaelis constant KM = (k−1 + kcut)/k1, and
hydrolytically cuts the sialic residues with a rate kcut, making
the glycans inactive for HA binding.
ar
X
iv
:2
01
0.
02
18
2v
1 
 [c
on
d-
ma
t.s
of
t] 
 5 
Oc
t 2
02
0
2sign principle – namely linkers and their digestion. So
how does influenza, and the motif of “bridging and cut-
ting” in general, generate the force necessary for the
rolling motion? Starting from basic known aspects we
show here that it is not a simple burnt-bridge fluctuation
driven mechanism and that virus motion is determinis-
tic in nature, macroscopically robust and in fact close-to
inevitable.
The mechanism. Consider the interface where the viral
capsid and the glycan coated substrate surface meet. In
this nanoscopic region, glycan chains at a high concentra-
tion G0 (well in excess to spike proteins, see the estimates
below), are constantly binding to and unbinding from the
HA proteins and in turn elongating to a length l in that
process. Once bound (with dissociation constant Kd)
they gain a free energy kBT ln
(
G0
Kd
)
. On the other hand
they pay a stretching energy cost Eel (φ) =
S
2 l
2 ≈ R2S8 φ4
which, due to the curvature of the capsid, depends on
the angle φ measured from the virus symmetry axis and
its radius R (' 50 nm for IV), see Fig. 2A top panel.
Chains bound to NA are short lived and neglected here
for simplicity. We consider the glycan chain as an ideal
linear spring with spring constant S ∼ 0.01-1 kBT/nm2
(a typical range for polymers of few nm length). The bal-
ance of the two energy terms then sets the angular size
φc =
(
ln
(
G0
Kd
)
8kT
SR2
)1/4
of the contact zone φ ∈ [−φc, φc].
The stretching force Fel = − ∂∂lEel resulting from
a single stretched linker gives rise to a torque ∝
SR2 (1− cosφ) sinφ ≈ 12SR2φ3. The linkers have an
angular density ρHAb (φ) given by the product of the an-
gular density of HA spikes, ρHA, and the angular prob-
ability density of each linker being bound, b (φ), and the
total torque acting on the capsid is the integral over all
bound linkers
m = −m0
∫ +φc
−φc
b (φ)φ3dφ = 0 . (1)
Here m0 =
1
2SR
2ρHA is the characteristic torque scale.
At typical densities of linkers and typical angular speeds
ω ∼ 1 s−1 [2], the linker torque dominates all other
torques acting on the virus including hydrodynamic dis-
sipation. Therefore the torque balance m = 0 holds.
Denoting the concentration of HA spikes on the virus
with H0 and the initial concentration of glycans on the
(cell’s) surface as G0, we have to determine the evolution
of the concentration of bound HA-glycan links B(φ, t)
and the glycan concentration G(φ, t) both as functions
of time t and the angle φ ∈ [−φc, φc]. In addition to this
binding kinetics, the NA spike enzyme progressively di-
gests the glycan in its vicinity with a catalytic velocity
Vcut and a Michaelis constant KM . Combining these ef-
fects and assuming the virus to roll with angular velocity
ω we have
∂tB + ω∂φB = konG (H0 −B)− koffB (2)
∂tG+ ω∂φG = −konG (H0 −B) + koffB − VcutG
KM +G
.(3)
Here the terms ∝ ω on the l.h.s. represent the advection
of concentrations in the virus fixed-frame due to its rota-
tion. The first terms on the r.h.s. are the on/off-kinetics
of glycan binding, with the kinetic constants satisfying
koff
kon
= Kd. Although the off-rate is stretching force- [20]
and hence angle-dependent, we neglect this effect assum-
ing a small size of the contact interval φ  1 where the
elastic energy dependence Eel ∝ φ4 is weak.
Finally, the last term in Eq. (3) represents the
Michaelis-Menten-like degradation of the free glycans by
NA, with a velocity Vcut = kcutN set by the cutting
rate kcut, see Fig. 1D, and the enzyme concentration N .
These two equations, together with b (φ) = B/H0 satis-
fying the torque balance, Eq. (1), completely determine
the dynamics and the question is now, whether the en-
zymatic activity can sustain solutions with non-zero ω.
Passive frictional torque. In a fist step, it is instruc-
tive to consider the passive case, i.e. in absence of cat-
alytic activity (Vcut = 0), and to assume that the virus
is forced by a weak external force/torque to roll with a
steady-state angular velocity ω [21]. Related situations
have been investigated when modeling cells rolling in ex-
ternal shear flow [22, 23] and contraction/sliding motion
induced by stochastic linkers [24, 25]. In the steady state,
Eqs. (2, 3) imply the conservation law (B +G)
′
= 0 or
G = G0 − B (for a homogeneous G0), allowing us to
reduce the problem to
ωB′ = kon (G0 −B) (H0 −B)− koffB. (4)
For the initial condition B(−φ0) = 0 (rolling to the left)
the exact solution is given by
B (φ) =
C0 − C1
2
− C1
C0+C1
C0−C1 e
C1kon
ω (φ+φ0) − 1
(5)
with constants C0 = H0+G0+Kd, C1 =
√
C20 − 4H0G0.
This profile, cf. the sketch in the bottom panel of Fig. 2A,
implies an increase of the bound HA-glycan links leveling
to a plateau Bpl =
C0−C1
2 [26]. For simplicity, we approx-
imate the exact profile by two lines: first, in the region of
its rapid increase, B is approximated by the slope at the
front: for φ ∈ [−φc, φpl], B (φ) = αω (φ+ φc) with φpl the
angle where in this approximation the plateau is reached
and the linker binding velocity
α = konH0G0. (6)
Note that the faster the rolling, the shallower the spatial
gradient becomes, since the build-up of HA-glycan links
needs time. And second, for φ ∈ [φpl, φc] we approximate
B by its plateau value, i.e. B (φ) = αω (φpl + φc) = Bpl.
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FIG. 2. The double-gradient mechanism of motion, main-
tained by the distribution of bound HA-glycans. (A) Top:
A virus rolling with constant angular frequency ω due to an
externally applied force fext. Bottom: The distribution of
bound HA-glycans, B(φ), within the contact interval [−φc, φc]
has two regions: a sharp increase (with slope α/ω) in the
rolling direction followed by a plateau B = Bpl. (B) Top:
self-rolling due to the enzymatic activity of NA, cutting away
the sialic acid residues. Bottom: In this case, the distribution
B(φ) has a negative slope (β/ω) instead of a plateau in the
second region, i.e. at the rear.
With this slope-plateau approximation, for slow rota-
tion (implying a steep increase of B to the plateau), we
can evaluate Eq. (1) to get the torque-velocity relation
for passive rolling
mdiss (ω) = −ξdissω , ξdiss = m0
H0
B2pl
α
φ3c
2
. (7)
Hence this is a frictional torque, acting against the mo-
tion and linear in ω. The friction constant, ξdiss, is de-
termined by both the slope and the plateau of the dis-
tribution of B as well as the size of the contact interval,
which themselves contain all system parameters.
Enzyme activity induces active torque. The effect of
the NA activity can be captured perturbatively and leads
to an additional contribution to the torque. If the enzyme
activity is slow compared to the binding kinetics,  =
Vcut/α is a small parameter. ExpandingB = B
(0)+B(1)
and G = G(0) + G(1) in powers of  yields the leading
order correction B(1) = −αf φ+φcω with
f =
H0 −Bpl
Kd +Gpl
Gpl
KM +Gpl
(8)
a dimensionless ratio of all concentrations/kinetic con-
stants and Gpl = G0 − Bpl the plateau of the glycan
distribution (in the passive case). The enzymatic activ-
ity hence leads to a negative slope β = Vcutf instead of
the plateau, cf. Fig. 2B, and insertion into Eq. (1) yields
the active torque in “two-slope” approximation:
mact =
pact
ω
, pact =
m0
H0
f
2φ5c
5
Vcut , (9)
where pact is the power injected by NA operation. The
active torque is positive (since Bpl < H0), it is propor-
tional to Vcut and has a 1/ω dependence, unlike the pas-
sive one which is linear in ω.
Taken together, the passive and active torques yield
the torque balance mdiss +mact = 0 = −ξdissω+ pact/ω,
implying a pitchfork bifurcation for the steady-state
rolling velocity
ω = ±
√
pact
ξdiss
∝ φc
√
f
√
αVcut
Bpl
. (10)
Note that the torque scale, m0 =
1
2SR
2ρHA, cancels out,
but the parameters S, R are still present due to the de-
pendence in φc.
We can compare to the experiments [2] by insert-
ing typical parameters for IVs: using R = 50 nm and
S ' 0.1 kBT/nm2 implies φc ' 0.5. Typical concen-
trations are G0 = 10 mM, H0 = 1-5 (we use 2) mM
[27]. The HA on-off kinetics has been characterized
[28, 29] yielding Kd = 1-5 (2) mM, koff = 10
−1-1 (1) s−1,
kon = 0.01-1 (0.5) mM
−1s−1 and NA’s enzymatic activ-
ity [30] to yield KM = 14.3 mM, kcat ' 15 s−1, implying
with a typical NA concentration of N = 1 mM a Vcut =
kcatN = 15 mMs
−1. Using these values in Eq. (10) we get
ω ' 0.4 s−1, which compares well to Ref. [2] where virus
speeds of v = 10− 30 nm/s were reported, corresponding
to angular velocities ω = vR ' 0.2− 0.6 s−1.
Numerical study including stochasticity. To scrutinize
the robustness of the mechanism, so far described on the
continuum level via concentrations, we implemented the
stochastic reaction kinetics using the Gillespie algorithm
[31]. For the latter, the virus cross-section was assumed
to present a number of nvir discrete binding sites per
(angular) contact interval [−φc, φc]. Larger nvir corre-
spond to a more elongated virus with more linkers per
angle, with nvir →∞ being the deterministic limit. The
virus position is updated in each step in accordance to
the vanishing torque condition.
Fig. 3 compares the approximate two-slope theory
(black curve) to a numerical solution of the continuum
model Eqs. (2, 3) (red) and stochastic simulations (sym-
bols). Shown is the angular frequency ω as a function
of the NA concentration. The inset displays the profiles
B(φ) for stationary rolling in the three cases. While in
the stochastic implementation the virus inverts its rolling
direction occasionally, from Fig. 3 it is evident that the
mechanism is robust against finite number of binding site
effects. It nevertheless works best (i.e. rolling is fastest)
for the “macroscopic” i.e. continuum case, in contrast to
the classical burnt-bridge mechanism, as discussed below.
Fig. 4 shows stochastic simulations highlighting the ro-
bustness of the mechanism against perturbations in the
glycan distribution on the surface: the upper panel in A
shows a snapshot of a virus rolling over a surface display-
ing small, almost glycan-depleted regions and the lower
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FIG. 3. Rolling velocity and bound linker profile in the
continuum model vs. the stochastic implementation. Shown
is the rolling frequency ω as a function of enzymatic activ-
ity, i.e. concentration of NA, comparing the approximate the-
ory (black), a numerical solution of the continuum model
(red) and the stochastic implementation (symbols) for differ-
ent numbers of discrete binding sites, nvir. The inset shows
the profiles B(φ) for stationary rolling in the three cases. Here
N = 0.1 mM and the stochastic profile was averaged over
50000 Gillespie moves.
panel the trajectory. Although the virus is slowed down
in the depleted zones (cf. the green lines in the trajec-
tory panel), its motion persists. Fig. 4B displays two
superimposed snapshots of a virus moving on a modu-
lated glycan distribution, the lower panel again showing
the trajectory. This proves that the mechanism allows
rolling on both uphill and downhill glycan gradients.
The generic double-gradient mechanism employed by
the IV is the interplay of binding and digestion of link-
ers, the enzymatic reaction transforming the plateau of
the linker distribution (cf. Fig. 2A) into a negative slope
(cf. Fig. 2B). One can imagine other reaction pathways
to result into a similar generic “polarization” with two
different slopes for the bound linker distribution, and in
fact this was recently realized [17]:
A synthetic relative: the DNA-RNA monowheel. In-
terestingly, without knowing about the mechanism of
IV rolling, a synthetic variant of the generic mecha-
nism was recently implemented using DNA nanotech-
nology [17, 18]. There, the surface of silica particles
was covered with DNA sequences that form heterodu-
plexes (of size ∼ 15 base pairs) with complementary
RNA strands coated on a surface. Motion of the parti-
cles (termed monowheels in [17]) was initiated by adding
RNase H, which selectively hydrolyses the hybridized
RNA (the bound linkers, B in our notation), but not
single-stranded RNAs (i.e. free linkers, G).
This variant can be easily cast into our theoretical
framework: as the enzyme RNase H does not destroy
the free linkers but instead the bound ones, the enzy-
matic term (∝ Vcut) is absent in Eq. (3), but its ana-
A
B
FIG. 4. Stochastic simulations for modulated glycan distri-
butions. (A) The upper panel shows a snapshot of the bound
linker (in blue) and the glycan (green) distributions and the
lower panel the trajectory. The surface-bound glycans were
locally depleted (marked also in the trajectory by the green
vertical lines), but the rolling motion persists. (B) Two super-
imposed snapshots of a virus rolling on a surface presenting
uphill and downhill glycan gradients and the corresponding
trajectory below, again showing the robustness of the rolling
mechanism.
logue − VcutBKM+B has to be added to Eq. (2). This only
slightly modified model can be analyzed along the same
lines leading to an active torque as in Eq. (9) but with
f =
Bpl
KM +Bpl
. (11)
We can again insert numbers, namely R = 2.5µm [17],
S ' 0.1 kBT/nm2 implying φc ' 0.1, and for the binding
parameters G0 = 1-2 mM, H0 = 2-4 mM (estimated
from [17]), Kd = 10
−5 mM [18, 32], koff = 10−5 s−1
[32, 33], implying kon = 1 mM
−1s−1. RNase H kinetics
is known [34]: KM = 0.3 · 10−3 mM, kcat ' 1 s−1 and
its typical concentration used in [17] is RH = 1.44 · 10−4
mM, implying Vcut = kcatRH = 1.4 · 10−4 mMs−1.
For these values we get Bpl  KM hence f ' 1 and,
as the passive torque has the same dependence as before,
ω = ± 2√
5
√
αVcut
Bpl
φc . (12)
Inserting numbers yields ω ' 10−2 s−1 which once
again fits well to the experimentally observed velocity
of 30 nm/s [17] implying ω ' 10−2 s−1.
Discussion. The double-gradient mechanism described
here is very robust and gives rise to large propulsion
5speeds, ω ∝ √Vcut, even for weak enzymatic activity.
Importantly, it is not a simple bridge-burning as recently
hypothesized for both IV and the DNA-wheel [2, 18]. Al-
though bridge-burning can be operative for certain IV A
strains that show phase separation of NA and HA spikes
[35], these lack rolling and move much slower than re-
ported in [1, 2]. In burnt-bridge Brownian models [36, 37]
the random walker destroys the “bridges” it walks on,
and only the prohibited back-stepping leads to the di-
rected motion implying self-avoiding paths. Such mod-
els, like other members of the class of Brownian motors
[38, 39], are inherently fluctuation driven and increasing
the angular density of linkers implies a slow-down of the
motion. In contrast, the mechanism discussed here relies
on the self-organized, “internal” polarization of the linker
distribution within the contact zone and works optimally
in the macroscopic regime. It is robust (cf. Fig. 4) but not
self-avoiding/unidirectional, since the roller can run in
reverse direction even if its trail (the glycan or RNA dis-
tribution) is substantially depleted behind. It responds
to existing surface gradients, but much less than a burnt-
bridge walker, giving the virus – controlling its contact
zone – a higher motile autonomy in the evolutionary race
with its host, controlling the rest of the substrate. How
the “delicate balance” [4] of NA vs. HA and its adap-
tation orchestrates the mechanism in detail should be
explored more in the future.
In conclusion, it seems that with influenza we are fac-
ing an underestimated, smart adversary that in contrast
to classical virology dogmas displays a “metabolism” at
its interface, providing it with a motile organelle (engulf-
ing its whole body) that emerges from geometry and the
self-organization of its spike proteins. The mechanism
should also apply to many relatives of influenza bearing
enzymatic spike proteins, including toro-virus and some
beta-corona-viruses [40]. However, we can flip the coin
and turn the adversary into an ally, by learning from its
workings: The triplet of a binding molecule, a cutting en-
zyme and the spherical or cylindrical geometry should be
abundant and was in fact already used to propel DNA-
coated beads [17, 18], which could now be optimized us-
ing the understanding of the mechanism.
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